Results from accelerated life tests (AL T) on mass produced commercially available 6" down lights are reported along with results from commercial LEOs. The luminaires capture many of the design features found in modern luminaires. In general, a systems perspective is required to understand the reliability of these devices since LED failure is rare. In contrast, components such as drivers, lenses, and reflector are more likely to impact luminaire reliability than LEOs.
Background
Electric lighting technologies account for approximately 19% of worldwide electricity consumption, and the promotion of energy efficient lighting can have a positive impact on energy consumption and CO 2 emissions [I] . Although the lighting industry has become a ubiquitous part of modern culture, the disposable nature of conventional lighting products does not promote a close examination of system level reliability. In a conventional luminaire, the device is operated until failure occurs, which is usually defined as the absence of light (i.e., catastrophic failure). When failure occurs, the lamp or ballast is often replaced and the device becomes operational again. In some instances, preventative maintenance schedules are established to replace lamps and ballasts at regular intervals often at significant labor and maintenance costs for lighting systems operator.
The advent of solid-state lighting (SSL) technologies provides the opportunity for both greater energy efficiency and longer lifetime from a lighting product. SSL luminaires are based on light emitting diodes (LED) that are integrated into the luminaire and can be difficult to replace. Electronic drivers, which power the LEOs, are often directly integrated into the luminaire and difficult to replace as well. A well designed SSL system can achieve luminous efficacies on the order of 160 lumen per Watt (lm/W) at the LED level and 100 Im/W at the luminaire level. Shifting from disposable lamps (e.g., fluorescent and incandescent lamps) to integrated LED sources and drivers in a luminaire that could be in use for 15 years or more requires a re-examination of the reliability paradigm of lighting devices.
The definition of failure for SSL devices is a subject of debate within the industry. Catastrophic failure in SSL luminaires is analogous to a blown filament in incandescent lamps and is clearly one indication of failure. However, the depreciation of lighting levels below some pre-determine threshold (e.g., 70% of initial luminous flux) is sometimes considered a lumen maintenance failure [2] . Likewise, in some applications such as museums or retail, excessive color shift can also be considered a failure, whereas in others it may not be [3] .
This paper reports on a series of accelerated life tests (AL T) on SSL luminaires to identify potential failure modes that may arise during an expected 15+ year lifetime. These AL T protocols used various combinations of temperature, humidity, and electrical bias to accelerate aging in both the light management system (i.e., LEDs, lenses, reflectors) and power management system (i.e., driver) of the luminaire. The findings from these studies provide insights into the lifetime of SSL luminaires and help to establish an experimental basis for discussing the reliability of luminaire systems.
Previous Studies of SSL Luminaire Reliability
The reliability of high brightness LEOs (HBLEOs) used for illumination have been studied for the past ten years and major findings are reviewed elsewhere [4] . There has also been previous work on other SSL luminaire components such as drivers [4, 5] , but in general there is a lack of publicly available data on AL T studies of SSL luminaires and lamps.
Pacific Northwest National Lab (PNNL) developed a stepped-stress methodology to compare the durability of the Philips L-Prize 60 Watt equivalent LEO lamps with market-proven compact fluorescent lamps (CFL) [6] . In this study, simultaneous combinations of electrical, thermal, vibration, and humidity stresses of increasing magnitude were used. The stress tests were performed on specially built lamps, so the general characteristics of mass market lighting products were not determined. However, the findings from this study provide guidance into the potential behavior of well-designed SSL lamps. In this study, PNNL found that all of the LEO lamps were still fully electrically functional at the end of testing, whereas none of the CFLs were. In addition, failure of the CFLs occurred well before the highest stressor conditions in the tests in all cases. In contrast, all the LEO lamps were able to survive the most extreme test conditions and remain fully operable. In a separate report, PNNL published data on the lumen maintenance of the L-Prize lamps and found that the level of lumen depreciation was negligible, even after 25,000 hours at an ambient temperature of 45°C [7] .
RTI International, in association with the LED Systems Reliability Consortium (LSRC), tested commercial luminaires using a highly accelerated life test (HALT) also known as the "Hammer Test." In this test, commercial 6" down lights were subjected to a series of sequential environmental stresses including temperature cycling (-50°C to 125°C), wet high temperature operational life test (WHTOL) at 85°C and 85% relative humidity (RH), and high temperature operational life test (HTOL) at 120°C. Environmental extreme conditions which were outside the typical use environment of these products were intentionally chosen to accelerate failure to less than 1000 hours of testing. In this experiment, commercially available, mass-produced SSL luminaires were found to be exceptionally robust even under the harsh conditions of the Hammer Test. When device failure did occur, it could generally be traced to electrical components such as printed circuit boards, solder joints, or other electrical connections [8] . Failure of the LEDs was rare, even under the highly accelerating conditions of the Hammer Test [8] . In a subsequent report, these authors focused on causes of lumen depreciation in 6" downlights and found that degradation of optical components such as lenses and reflectors can play a significant role in lumen depreciation in some designs [9] .
Experimental Section
Four different models of mass produced, commercially available 6" downlights were chosen for testing and these luminaires were purchased from various distributors in order to ensure an unbiased sample selection. Three of the models were retrofit downlights that could be powered through standard Edison sockets. The new construction downlight is powered by directly connecting the electrical mains to the driver. Additional information on the luminaires in these tests is provided in Table 1 . Temperature and humidity (T-H) environments were used to accelerate aging of the luminaires and select components. Common protocols from the electronics industry were followed; for example, AL T tests under 85°C and 85% RH (hereafter termed 85/85) followed procedures outlined in JESD22-A 1 0 I C. This procedure calls for a continuous soak at 85/85 with electrical power to the luminaires cycled on and off at one-hour intervals.
The T -H AL T procedure consisted of placing the Imninaires under test in an environmental chamber (either Tenney T20RC-2.0 or Tenney TClORS) set to a constant environment. After each 250-hour test, the luminaires were removed from the environmental chamber, allowed to equilibrate to room temperature, and their performance measured in a 65" integrating sphere using procedures outlined in LM-79 [10] . All measurements of the 6" downlights were performed in the 2n configuration with the luminaires mounted on the exterior of the sphere. The luminaires were operated for a minimum of I hour prior to testing to allow thermal equilibration. During the measurements, corrections were made for zero level and self-absorbance as outlined in LM -79. Calibrations were performed using a National Institute of Standards and Technology (NIST)-traceable forward flux standard from Labsphere (Model Number FFS-l 00-1 000). Functional Imninaires were returned to the environmental chamber after photometric testing for additional T-H exposure.
Testing was also performed on individual high brightness LEDs using analogous procedures. For these tests, LEDs similar to those used in Luminaires B and D were chosen for testing. Luminaire A uses a hybrid LED light source with two different colors of LEDs combining to produce warm white light. The major LED used in Luminaire A is the same model as the LEDs used in Luminaires B and D, but the CCT value is different.
The individual LEDs were mounted separately on a metal-core board attached to a large heat sink using pre cut thermal adhesive. The LEDs were connected in series, with five LEDs on the heat sink. The heat sink and LED assembly was placed in the environment chamber for 85/85 and the LEDs were powered by a driver that was kept external to the environmental chamber. The test population of LEDs consisted of 10 blue LEDs, 10 cool white LEDs, and 10 warm white LEDs. While all three test populations were from the sample product family, the die size of the blue LEDs (0.92 mm 2 ) was smaller than that of the white LEDs (l.92 mm 2 ). The white LEDs were operated at 500 mA during testing to match the conditions in the LM-80 report. After each round of testing, the individual LEDs were measured in a 10" integrating sphere using a 2n configuration with the LEDs and heat sink mounted external to the integrating sphere. This configuration allowed each LED to be measured separately. During the measurements, corrections were made for zero level and self-absorbance as outlined in LM -79. Calibrations were performed using a NIS T traceable forward flux standard from Labsphere (Model Number FFS-I 00-400).
LED Performance During 85/85
Individual LEDs mounted separately on metal core boards were attached to heat sinks via pre-cut thennal adhesives and secured with screws as shown in Figure 1 . Although the luminaires studied during these tests contained warm white LEDs, the study of lumen maintenance of individual LEOs was expanded to include blue, warm white, and cool white LEOs in order to investigate the behavior of different phosphor formulations. The white LEDs (i.e., both cool white and warm white) were fabricated in the proximate phosphor configuration with the phosphor residing on top of the die. Silicone encapsulants are presumed to be used throughout the structure. Luminous flux is reported for both cool white and warm white LEOs, whereas radiant flux is reported for the blue LED. This finding is in general agreement with the TM-21 extrapolation based on 10,080 hours of testing under the LM-80 test protocol [11, 12] . The TM-21 decay rate constant, which is reported for warm white LEDs only, was determined by the manufacturer to be negative at 85°C and 500 rnA. A negative TM-21 decay rate constant indicates that the lumen maintenance is projected to increase.
In contrast, a general decline in radiant flux emission was observed for the direct emitter, blue LEDs. It is unclear whether this decrease in radiant flux is due to a reduction in emission intensity from the LED or whether the moisture in the 85/85 environment has affected the light extraction efficiency from the LEO, perhaps due to the appearance of small voids at the encapsulant die interface, as suggested by Wu et al. [13] .
The increase in luminous flux observed for the population of individual LEOs can be explained by the spectral changes that are occurring in the LEOs during the 85/85 experiment. As shown in Figures 3 and 4 , the correlated color temperatures (CCTs) of both the warm white and cool white LEDs increase in a nearly linear fashion over time. As might be expected, a similar trend was observed with color shift as measured by �u'v'. For these specific LEOs, the rate of change in CCT (or �u'v') was higher for warm white LEDs than was observed for cooler colors. The difference in CCT and color point shift between these equivalent products may be due to different thermal stabilities of the phosphor mixtures used to achieve warm white and cool white colors. This finding indicates that significant spectral changes are occurring in the individual LEDs during 85/85 which may increase the lumen content of the emitted light. Although CCT values were observed to increase for the white LED products that were examined in this test, we have also tested other LED products where the CCT values decreased in time. Hence, CCT shift (or alternatively shifts in L1u'v') in LED products is likely a function of LED design and the materials, including phosphors and encapsulants, used in their construction. We have not conducted analogous 85/85 testing on mid-power LEDs similar to those used in Luminaire C. Therefore, the behavior of the individual mid-power LEDs in 85/85 is not currently known. However, as discussed below, findings from the lumen maintenance of the individual luminaire populations can provide some insights into this phenomenon.
Lumen Maintenance for SSL Luminaires
The commercially available, mass-produced luminaires described in Table I were placed in T-H environments (i.e., either 85/85 or 75/75) and their photometric properties measured for each 250 hours of exposure. Some results for the lumen maintenance of Luminaires A, B, and C in both 85/85 and 75/75 have been reported previously [9] . In this earlier study, significant lumen depreciation was observed for Luminaire A resulting in an average lumen depreciation of 30% at 1,500 hours of 85/85. The rate of light loss for Luminaire A in 75/75 was significantly lower and the average lumen depreciation value at 1,500 hours of testing was approximately 4%. The rapid lumen depreciation observed for Luminaire A in 85/85 has been traced to the oxidative degradation of the polymeric materials used to make the lenses and retlector [9] . In this previous study, Luminaires B and C were not observed to undergo more than 15% lumen depreciation in 2 000 hours of 85/85. This lower rate of lumen dep;eciation was shown to be due to the use of more stable polymers in the optical system [9] .
The average lumen maintenance behavior of the four different 6" down light products examined in this study are summarized in Table 2 . Ba sed on the findings from Davis et at. [9] , the decision was made to test Luminaires B C and D without modification. However, test results a:e r�ported for Luminaire A with a fresh lens and reflector for each test. In this way, the lumen depreciation for Luminaire A reported in this paper is dominated by the characteristics of the LED light engine and is not influenced by the aging of the lens and reflector. The numbers in the chart represent the average lumen maintenance for all products whereas the number in parentheses represents the number of products still in test at each indicated time. When products exhibit catastrophic failure, they are removed from testing and no longer included in the data shown in Table 2 . (11) 100 (3) 100 (10) 100 (4) 250 93 (3) 100 (10) 
(3) 4000
*Luminaire A was tested wIth a fresh lens and retlector for all times starting with 2,000 hours in 85/85.
Luminaire A is a hybrid luminaire containing two different color LEDs, and adaptive power control is used to adjust the power levels of the two LEDs to maintain color point and luminous tlux. The change in CCT values that were observed for the population of this device is shown in Figure 5 . The initial CCT values for this population of luminaires were 2734 K (with a standard deviation of 17). However, as these samples age, a significant variation in the CCT value is observed as indicated by the error bars in Figure 5 . This variability may be due to the impact of aging on the adaptive power control circuit since the aging characteristics of the main LED used in this product can be expected to follow the behavior shown in Figures 3 and 4 .
The change in CCT values for Luminaires B, C, and D are shown in Figure 6 . Although Luminaires B and D use the small type of LEDs, the observed rate of CCT shift was quite different which is likely due to the difference in construction for the two devices. Luminaire B does not have an optical mixing chamber, but instead has individual secondary lenses affixed to each LED with a gasket retarding moisture ingress. The assembly is clamped with a bolted metal plate that keeps the gasket under compression. In contrast, Luminaire D did not contain a gasket to slow moisture ingress. Luminaire C does not have a gasket to slow moisture ingress, but the CCT stability of this population of luminaires was excellent. The average CCT value shifted by less than lOOK during 2,000 hours of testing at 85/85. This finding indicates that the specific mid-power LED used in this product has good color stability under the test conditions. 
.a 3000 !: A total of 44 samples of Luminaires A, B, C, and D were subjected to 85/85 and these samples were operated until failure occurred. For this study, failure is defined as the absence of light (i.e., catastrophic failure). Of the 44 samples in 85/85, 30 units (68%) have failed and 14 units (32%) are still functional. These 14 units will continue in testing until failure occurs. Some of these units have been tested for more than 5,000 hours.
A total of 20 different samples were also inserted in 75/75 testing and this test group consisted of 10 samples from Luminaire A and 10 samples from Luminaire B. Of these 20 units, 7 units (35%) have failed through 3,250 hours of testing and the remaining 13 units (65%) are still functioning. The functional units will be tested until catastrophic failure occurs.
A variety of failure modes were observed for the units that have failed to date in 85/85 and 75/75. The most common point of failure is with the capacitors, with film caps more likely to fail than electrolytic capacitors. The higher failure rates observed in this testing for film capacitors compared to electrolytic capacitors may be due to the higher level of derating used by manufacturers for electrolytic capacitors. The performance of electrolytic capacitors in high temperature shelf life experiments has been examined by Lall et at. and it was determined that this test caused a general increase in equivalent series resistance (ESR) and a decrease in capacitance of electrolytic capacitors [14] . However, capacitor derating and circuit design allowed the driver to continue to operate even after significant degradation of some of the electrolytic capacitors in the device. Likewise, a literature review of failure modes of film capacitors in 85/85 revealed that increases in ESR and decreases in capacitance will occur in 85/85 environments [15] .
Using the data from these 64 luminaires, Weibull probability plots can be constructed for the 85/85 and 75/75 data as shown in Figure 7 . The analysis was conducted by accounting for the interval censored nature of the failures, since failure time is only known with the accuracy of the test interval (i.e., 250 hours). Maximum likelihood estimation methods were used for the right censored data (i.e., functional parts that are still being tested). In this analysis, the � value was calculated to be 1.31 indicating that the T-H environments used in this test are accelerating aging. This value is lower than that reported previous (l.935) in the Hammer Test [9] .
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Time (Hr) Figure 7 : Weibull probability plot for the luminaires examined in 85/85 and 75/75.
Discussion
This work examined the performance of a broad cross section of lighting technologies.
Four different commercial luminaires were studied, each with different design attributes. Luminaires A, C, and 0 have similar structures with the LEOs residing at the base of an optical mixing cavity that is used to mix and diffuse the light. However, Luminaire A uses a hybrid LED light engine built around two different colors of HBLEDs, Luminaire C uses mid-power LEDs, and Luminaire D uses HBLEDs of the same color. In contrast, Luminaire B does not have an optical mixing cavity but instead utilizes a series of secondary lenses, which are sealed around each LED with a gasket, to diffuse and shape the light beam. One important commonality among these four products is that they were designed to serve similar markets (i.e., lighting applications needing 6" downlights). In this way the luminaires evaluated in this study provide a snapshot of the design options available to the lighting community.
LED products available on the market today are generally robust and able to withstand significant environmental stresses without failure. Due to this fact, testing protocols using LM-80 and similar approaches require long test times (6,000 hours minimum) to produce sufficient data to allow estimation of product lumen maintenance using TM-21. The long test times place a significant testing burden on LED manufacturers and slow the rate of new product introduction.
However, as shown above, T-H testing in 85/85 is able to provide information analogous to the most severe conditions tested in LM-80 in a significantly shorter period of time. For the HBLEOs examined in Figures 3-5 , T-H testing was able to reproduce at least qualitatively the general behavior (i.e., lumen maintenance and color point shift) of this specific LED under the most extreme conditions examined in the product's LM-80 report. The extension of this approach to other LEOs is unknown at this time and caution is necessary before extending this comparison to other LED products. However, while general information on the behavior of other LEOs under T-H profiles has not been published, it is intriguing to consider whether a public repository of LED T -H profiles can be used to reduce LED testing burden.
Although LEDs have received a significant amount of attention in discussions on SSL product reliability, no LED failures were observed in this test nor have any LED failures been reported in testing of the L-Prize lamps [6, 7] or the Hammer Test on 6" luminaires [8] . This fmding reinforces the general belief that the current generation of LED products is well characterized and has excellent performance.
The results discussed here and those presented previously [9] demonstrate that when proper accommodations are made for the oxidative photodegradation of materials such as polycarbonates and TiOrfilled polymers, the lumen maintenance of SSL products in aggressive T-H testing can be expected to be excellent.
The four different product architectures examined in this report all demonstrated excellent lumen maintenance performance in 85/85. Average lumen maintenance of the product populations was above 0.75 when catastrophic failure occurred. This finding suggests that lumen maintenance is less likely to be an issue in well-designed SSL devices compared to failure of the driver electronics.
In this study and in the Hammer Test report [8] , when luminaire failure has been observed, it is generally traced to the driver circuit. Capacitor failures have occurred in many of the luminaires that we have tested in 85/85 and in the Hammer Test. We have observed a general trend for failure to occur more frequently in the thin film capacitors compared to electrolytic capacitors. The greater tendency for thin film capacitors to fail in our tests compared to electrolytic capacitors may be due in part to the higher derating generally applied to electrolytic capacitors and the greater impact of moisture on film capacitors compared to sealed electrolytic capacitors. In our tests, the slow degradation of capacitors gradually impacts the electrical characteristics of the driver including power consumption and power factor. Ultimately the electronic circuit can no longer compensate and the unit either fails outright or begins to exhibit signs of impending failure such as excessive flicker or reduced light output due to low drive voltages.
Conclusions
Well-designed SSL products utilizing LED-based light engines have the capability to deliver both energy efficiency and long lifetimes. While a significant amount of attention has been focused on the reliability of LEOs, this study combined with previous work by PNNL [6, 7] and RTI International [8, 9] have demonstrated that LED failure is rare even under extreme environmental conditions. Instead, other luminaire components such as drivers, lens, and reflectors are usually responsible for device failure. Consequently, a systems perspective that takes into account the reliability of all luminaire components is essential to understanding the lifetime of SSL devices.
